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Abstract
The compositional and temperature dependence of the glass transition in AsxSe100−x chalcogenide glasses were studied using
differential scanning calorimetry (DSC). The temperature dependence of the glass transition activation energy was determined using
an isoconversional kinetic analysis. The compositional trend of the activation energy provides evidence of a transition from floppy
to rigid network regimes separated by an intermediate phase. The variations of the activation energy with respect to temperature at
various compositions were presented and discussed.
© 2015 The Author. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  Introduction
It is well-known that a floppy-to-rigid phase transition
occurs in covalent network glasses at a mean coordina-
tion number rc = 2.40. According to Phillips and Thorpe
[1–3], this rigidity percolation threshold occurs when the
number of constraints per atom is equal to the number
of degrees of freedom. More recently, Boolchand et al.
[4] discovered the occurrence of two elastic phase transi-
tions in network glasses. These two transitions define the
limits of the intervening region or an intermediate phase∗ Tel.: +966 48381599; fax: +966 48454770.
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existing between the flexible floppy and the stressed rigid
phases.
In a recent paper [5] henceforth cited as I, the com-
positional trend of the glass transition of AsxSe100−x
glasses was investigated using a DSC technique. Evi-
dence for an intermediate phase from the compositional
dependence of the activation energy was reported. In
I, the activation energy of the glass transition in both
aged and rejuvenated AsxSe100−x glasses were deter-
mined from the heating rate dependence of Tg according
to the well-known equation proposed by Bartenev and
Ritland [6,7]:
d  ln β
d(1/Tg)
=  −E
R
where β  is the heating rate, R  is the gas constant, and
E is the activation energy. Evidence of rigidity transi-ehalf of Taibah University. This is an open access article under the
tions were reported in I on the basis of the compositional
dependence of the glass transition activation energy.
Three distinct topological phases of the network glass
were identified.
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Tig. 1. DSC outputs of As10Se90 glass measured at heating rates vary-
ng between 5 and 20 K/min.
The effective activation energy of the glass transi-
ion can be determined by an isoconversional analysis
f the experimental data of the extent of conversion (α)
ersus the temperature (Fig. 1) following the suggestion
f Vyazovkin et al. [8]. Using an advanced isoconver-
ional method developed by Vyazovkin [9], the effective
ctivation energy can be determined for a series of n
xperiments carried out at different heating rates at any
articular value of α  by finding the value of Eα for which
he objective function   is minimised, where
 =
n∑
i=1
n∑
j /=  i
I(Eα,  Tαi)βj
I(Eα, Tαj)βi
(1)
here the integral I(E,T) is given by
(E,  T ) =
∫ Tα
Tα−α
exp
(−E
RT
)
dT (2)
he integral I(E,T) can be numerically evaluated using
he trapezoidal method. The activation energy Eα is the
alue that minimises   in Eq. (1) for a particular α.
.  Experiment
Bulk AsxSe100−x chalcogenide glasses with
 ≤  x  ≤  40 were prepared using the standard melt-
uench technique. High purity (99.999%) As and Se, in
ppropriate atomic weight percentages, were weighed
nd sealed in a quartz ampoule under a vacuum of
0−5 Torr. The contents were kept at a temperature of
023 K for 24 h. During the melting process, the tube
as frequently shaken to homogenise the resulting
lloy. The melt was quenched in ice water to obtain a
lassy state. The content of the alloy was checked with
n Energy Dispersive X-ray (EDX) using a scanning
lectron microscope (Shimadzu Superscan SSX-550).
he atomic percentages for arsenic were found to be 0,ty for Science 10 (2016) 324–328 325
5, 10, 20, 30, and 40 at.%. The samples were stored in
the dark under normal conditions for 22 years.
The thermal behaviour was investigated using a Shi-
madzu DSC-60 calorimeter. Three mg of the samples in
powder form were sealed in standard aluminium pans
and heated at the following different rates: 5, 7, 10, 15,
20, and 25 K/min under dry nitrogen supplied at a rate
of 35 ml/min. The temperature was measured within an
accuracy of ±0.1 K. To minimise the temperature gradi-
ent, the samples were well granulated to form a uniform
fine powder and were spread as thinly as possible on the
bottom of the sample pan. Temperature and enthalpy cal-
ibration was carried out with indium at different heating
rates.
3.  Results  and  discussion
Examples of endothermic peaks corresponding to the
glass transition in As10Se90 glass recorded at heating
rates of 5, 10, and 20 K/min are shown in Fig. 1. The
glass transition temperature Tg can be determined from
the onset of the endothermic peak. Alternatively, the peak
temperature of the endothermic curve can be used as an
assignment for Tg. As evident from Fig. 1, Tg shifts to
higher temperatures as the heating rate increases. This
behaviour is a striking feature of the kinetic nature of
the glass transition. It is worth mentioning that despite
the fact that the kinetic aspect of the glass transition is
pronounced, as indicated by the observed strong heating
rate dependence of Tg, this cannot be taken as evidence
that glass transition is purely a kinetic phenomenon.
The possibility of a thermodynamic phase transition was
addressed by Kauzmann [10], Adam and Gibbs [11],
and many other investigators. The question of whether
some phase transition underlies the glass transition is
a matter of continuing research and debate [12]. The
progress of transformation from the glassy state to the
supercooled state during heating can be quantified by
determining the extent of conversion (α) at any tempera-
ture T  by using α = AT/A, where A  is the total area of the
endothermic peak between the temperature at the onset
of the endotherm and the temperature where the trans-
formation is completed and AT is the area between the
onset temperature and the temperature T. Fig. 2 shows
α versus T  for different heating rates. Using the data in
Fig. 2, the effective activation energy as a function of α
can be determined using the Vyazovkin isoconversional
method described above. Fig. 3 shows E versus α for
the AsxSe100−x glasses of all compositions considered
in this work. The temperature dependence of E  can be
obtained by replacing α with the corresponding tempera-
ture using the experimental data in Fig. 2. Figs. 4–9 show
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Fig. 2. Extent of conversion α curves for As40Se60 glass determined
at different heating rates (5, 7, 10, 15, 20, and 25 K/min).
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Fig. 5. Variation of the effective activation energy with temperature
for As5Se95 glass.
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Fig. 3. Variation of the effective activation energy with the extent of
conversion from glassy to supercooled state.
the variations of the effective activation energy E  with
the temperatures of the As-Se glasses of different com-
positions. For the a-Se glass (x  = 0 at.%) shown in Fig. 4,
the effective activation energy increases as the temper-
ature increases, followed by a significant decrease with
increasing temperature. This change in behaviour may
indicate a crossover in the dynamics of structural relax-
ation. Similar behaviour is observed in the As20Se80 and
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Fig. 4. Variation of the effective activation energy with temperature
for Se glass (x = 0%).Fig. 6. Variation of the effective activation energy with temperature
for As10Se90 glass.
As40Se60 glasses shown in Figs. 7 and 9. This type of
temperature dependence was observed in other glassy
materials [13,14]. As noted by Vyazovkin and Dranca
[14], the observed crossover in E(T) behaviour can be
attributed to a dramatic change in the molecular coopera-
tivity as the temperature changes. At lower temperatures,
relaxation is dominated by a noncooperative local pro-
cess. As the temperature rises, cooperativity increases
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Fig. 7. Variation of the effective activation energy with temperature
for As20Se80 glass.
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Fig. 8. Variation of the effective activation energy with temperature
for As30Se70 glass.
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Fig. 10. Compositional dependence of the effective activation energy
of the glass transition at different values of extent of conversion α. Theig. 9. Variation of the effective activation energy with temperature
or As40Se60 glass.
nd the activation energy significantly rises. A further
ncrease in temperature increases the free volume, lead-
ng to a decrease in molecular cooperativity and resulting
n a drop in effective activation energy. As evident in
igs. 5, 6 and 8, no such crossover was observed in
s5Se95, As10Se90, and As30Se70 glasses.
The compositional dependence of the effective acti-
ation energy can be obtained from the present data by
lotting E  versus x for a particular conversion α. This is
hown in Fig. 10 for α  = 0.1, 0.5, and 0.9. Three regions
an be identified. The low-x  region is characterised by
 decrease of E  with x. In the second region of high x
alues, E increases as x is increased. The two regions
re separated by an intermediate regime where the vari-
tion of E  with x is at a minimum. The existence of three
egimes in the compositional trend of the glass transition
ctivation energy has been widely used as evidence of
he existence of three topological phases in the network
lasses [4,5,15–19]. As early as 1964, Nemilov reported
he existence of three distinct regimes in As-Se and Ge-
e glasses [17]. Phillips [1] interpreted these regions
s different structural phases of different dimensions.solid lines are guides for the eye.
The structure of AsxSe100−x glasses evolves at the first
composition threshold from a one-dimensional (1D) to a
two-dimensional (2D) network, as the network topology
initially dominated by Se chains (1D at low x) changed on
increasing x  into a 2D structure of Se chains cross-linked
by the As atoms. At the second threshold, a transition to
a 3D structure occurs when the cross-linked Se chains
combine in pairs to form three-dimensional clusters. The
exact nature of the intermediate phase bounded by the
two compositional thresholds is still far from being fully
understood and is a subject of continuous debate [20].
According to Boolchand et al. [4] the intermediate phase
is characterised by a self-organised structure with ther-
mal reversing behaviour.
It is interesting to note that despite the complexity of
the behaviour of E  vs. T  at different compositions (as
evident from Figs. 4–9), the compositional trends of E
at different extents of conversion (α  = 0.1, 0.5, and 0.9)
are very similar. This shows that the topology of the
glass network as a static characteristic is insensitive to
the dynamic characteristics of the network.
4.  Conclusions
It has been demonstrated using isoconversional anal-
ysis that the compositional dependence of the effective
activation energy of the glass transition in AsxSe100−x
chalcogenide glasses exhibits two topological thresholds
at x  ≈  10 and 30 at.%. These two thresholds separate
three different phases of the network glass charac-
terised by different dimensionality. It is possible that
the reported compositional trend of the activation energy
represents a rigidity transition from floppy to rigid net-
work regimes separated by an intermediate phase.
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